Lamellar neutron diffraction from oriented multilayers of hydrated dipalmitoyl lecithin was phased by isomorphous H20-D20 exchange and swelling techniques. Bound water sites were located in the polar head group region of the bilayer profile. A 6-A resolution structure based on the neutron scattering density profile is proposed for the bilayer. It is consistent with the electron density profile from x-ray diffraction.
Because of their ubiquitous presence in biological membranes, phospholipids have been studied extensively. They are amphipathic in character and have interesting and varied physical properties when combined with water (1) (2) (3) (4) (5) (6) (7) (8) . Differential scanning calorimetry measurements showed that dipalmitoyl lecithin can bind up to 20% of its weight in water (2) , and Chapman has suggested that this bound water might be indispensible to membrane structure and function. While x-ray diffraction has provided considerable insight into molecular organization in natural and model membranes, its use in the location of bound water is, at best, indirect because of the weak x-ray scattering of water (5) (6) (7) . It is, however, possible to locate water molecules directly by neutron diffraction (9) . Neutrons interact with atomic nuclei rather than electron clouds as in the case of x rays, and neutron scattering lengths are of the same order of magnitude for all elements, including hydrogen (10) . Different isotopes, however, may have different scattering lengths and in particular the values for hydrogen and deuterium are -3.7 and + 6.7 Fermi units, respectively. This is a relatively large difference (11) , which can be used for differential labeling similar to the heavy atom techniques of x-ray structure analysis (12) , with the additional advantage that H-D exchange allows true isomorphism, as has been shown in a number of systems by x-ray diffraction.
Phospholipid-water systems can form oriented multilayers which consist of alternate sheets of bimolecular lipid layers and water (3, (5) (6) (7) . In this paper we describe the analysis of lamellar neutron diffraction from such multilayers of dipalmitoyl lecithin (DPL). H20-D20 exchange in the multilayers allowed not only locating of the bound water but also the phasing of the neutron profile structure (the projection of neutron scattering density onto a line normal to the multilayer surface) by conventional Patterson function techniques. This phase determination was further verified by the swelling method, a technique that has been used to phase lamellar x-ray diffraction from membranes (3, 6, 13 
MATERIALS AND METHODS
Samples were prepared by allowing sonicated dispersions of DPL (from Calbiochem) in H20 buffer (1 mM potassium phosphate, pH 7.5) to dry by slow evaporation (3-5 hr) on glass slides 6 X 2.5 cm2. Typically, a sample contained 50 mg of DPL. The molecular ratios of lecithin to buffer were close to 30:1. In the H20-D20 exchange, the sample was rewet with D20 and allowed to dry in a very low humidity D20 atmosphere. This was repeated four times to ensure maximum exchange.
Data were collected at the High Flux Beam Reactor using the Brookhaven low angle diffractometer operating at 4.2 i (11). Incident beam width was adjusted via slit collimation to match the sample projection, which varied with each lamellar reflection. For the low order reflections (h = 1-4), however, the beam width was maintained at 1 cm to allow the full divergence of the beam to impinge on the sample. Lamellar intensity data were collected by scanning both the sample and the detector (0-20 scans), counting times varying according to the strength of each reflection. The first four orders were relatively strong and could all be collected in a day. Higher orders had to be scanned repeatedly and averaged.
For these scans it was especially important to maintain constant temperature and relative humidity, as some of the intensities varied greatly with the periodicity of the multilayers. Lamellar neutron intensity data were collected from DPL-H20 and DPL-D20 oriented multilayer samples at 20'C and 15% relative humidity and for DPL-H20 alone at 20°C and 35% relative himidity (Table 1) .
Low resolution reflections (h = 1-4) of DPL-H20 and DPL-D20 were phased by the isomorphous replacement method. The high resolution reflections (h = 5-10), for which the standard deviations were considerably larger (Table 1) , were phased by both isomorphous replacement and swelling methods. In the following paragraphs we first describe the isomorphous replacement method and then the swelling analysis used.
The structural contributions to p(x) can be separated and we can write for the profile projection of DPL-H20:
where k is over all atoms excepting the atoms in the H20 molecules. In the DPL-D20 unit cell:
PH, (X) -Using Eq. 1 and writing Ap(x) = p'(x) -p(x):
[4] [5] where FD~o(h) and FHo(h) are correctly phased. From Eq. 4 it is seen that Ap (x) empirically from the w scan of 1(4) (Fig. 1) . The corrections at 15% relative humidity are 3.0 for I(1), 1.6 for I(2), and 1.4 for 1(3). At 35% relative humidity they are 3.5 for I(1), 1.9 for I(2), and 1.5 for 1(3). The indicated errors include the uncertainty in the absorption correction and slit smearing. The effects of these errors are minimized in the difference syntheses since both the H20 and the D20 DPL data sets were collected from the same sample. H20-D20 exchange is consistent with Ap(x) represented by a rectangular strip of width w, = 10 A at a center of symmetry ( Fig. 2a and b ). This provides a site for the isomorphous replacement at this resolution. These parameters were used to determine the phases e (h = 1-4) by adapting Hargreaves' method for centrosymmetric structures (12 (Fig. 3) . The phases thereby found for FD20(h) were +1+1-1-1 and for FH2o(h) they were +1-1-1-1.
Changing the signs of the odd orders shifts the origin to the The higher order reflections (h = 5-10) were weaker and had larger standard deviations than the lower orders ( Fig. 2c and d shows the first approximation to APP(x) and the final (best) AP(x) for which orders h = 2, 6, 7, 9, 10 were required to change sign on H20-D20 exchange. The resulting 6A resolution structures are depicted in Fig. 4d-g together with the effect of errors on Ap(x). This iterative isomorphous replacement approach using the difference Patterson would be an exact method if changes in e (h) on H20-D20 exchange either did not occur or were known. Such procedures beginning with a structure in H20 or D20 followed by partial H20-D20 exchange so that e(h) values do not change even for higher orders have recently been used by us to phase lecithin-cholesterol bilayer profiles. The second alternative, i.e., observing phase changes on exchange, has become accessible with the use of a position-sensitive detector (14) . The rate of D20-H20 exchange in hydrated bilayers was observed to be of the order of several minutes.
Because of the large standard deviations of the higher order intensities and resulting possible correlations between their different phase combinations in the iterative isomorphous replacement procedure, reflections h = 5-10 of DPL-H20 were also phased by the swelling method. The unit cell dimension was swollen by 5% by increasing the relative humidity to 35%. The Fourier sampling theorem (6, 16 ) combined with variance analysis was then used to find that set of phases for the lower humidity reflections (h = 5-10) that best predicted the intensities observed at the higher humidity. The phases of h = 1-4 were maintained constant as determined by the isomorphous replacement procedure. The assumption is made in the swelling method that the unit cell increases because of a slightly wider water layer between lipid bilayers, while the structure of the bilayers remains unchanged. The diffracted amplitudes then fall on an essentially constant transform; consequently, changing the periodicity merely changes the sampling interval. The Fourier sampling theorem states that It has been shown that, assuming no change in the bilayer structure, increasing the water content decreases the resolution to which it can be determined (6, 7) . Whether this arises from increased static disorder or dynamic effects within the multilayer lattice is unclear. As a first approximation it can be accounted for by writing F.(n/d') = F(n/d') exp (-Bn2/4d'2) [11] where B is analogous to a Debye-Waller factor due to simple lattice disorder caused by increased water content between 15% and 35% relative humidity.
The observed structure factors at 35% relative humidity, IFo(n/d')I, are shown in Table 1 . Since the same sample was used for both the higher and the lower relative humidity experiments, it was assumed that no scale factor was involved in the comparison of F02(n/d') and F,2(n/d'). Two parameters could not be measured. in the low resolution profile (Fig. 4a and c) to be 75 ± 25 in the same units as F(h/d). A first estimate of B was made by comparing the F,2(n/d') and F02(n/d') for n = 1-4, since the phases of these reflections were known. B was then varied to gauge its effect on F,2(n/d') (n = 1-10). It was found that F02(n/d') -Fc2(n/d') were not very sensitive to variations of B within the limits B = 50 i 7 k2.
The best agreement between a set of F,2(n/d') and F02(n/d') was found by examining the difference D(n/d') and its standard deviation c(n/d'). [15] Each set of phases e(h) corresponds to a set of D(n/d') with a joint relative probability J J = I 44D(n/d')] [16] A larger value of J indicates a better fit between observed and calculated values. This approach yielded three sets of phases which consistently gave larger values of J (a factor of approximately 10 better than other phase sets). Of these three sets, one is identical to that obtained above by isomorphous replacement (Fig. 4e) . The agreement between the two independent phasing procedures is taken to establish the phases of DPL-H20.
Furthermore, the other two profiles yielded by the swelling method are inconsistent with the isomorphous replacement phasing. They have local maxima at the center of the bilayer so that a molecular interpretation of those profiles would not only be incompatible with the 15-A low resolution profile of Fig. 4b but also chemically awkward to interpret.
In summary, therefore, a comparison of the isomorphous replacement and swelling procedures yielded the 6-resolution neutron scattering density profile of the DPL-H20 bilayer. The distribution of water sites in the bilayer was obtained by isomorphous H20-D20 exchange. Three water sites appeared in the bilayer profile at 16 A, 23 A, and at the cell edge (Fig. 4f) .
DISCUSSION
The molecular interpretation of the neutron scattering density profile of DPL-H20 at low water content is in good agreement with a model based on x-ray results (5, 6) . The neutron and x-ray scattering profiles were determined independently and neutron and x-ray scattering lengths are quite different. There is, therefore, good evidence for this molecular model. Furthermore, the neutron experiment directly yielded bound water locations that previously could only be inferred.
At 15-A resolution (Fig. 4) , the peaks at x = ±20 A correspond to the lecithin polar head groups, and the trough at x = 0 A to the terminal methyl groups of the alkyl chains with the portion of constant density in between corresponding to the chains themselves. We estimated that the scattering density in the water distribution was equivalent to 3 i 1 molecules of water per lipid molecule. The water appears predominantly around the head groups, but even at low resolution it is clear from the shoulder at x = ± 15 A (Fig. 4c) that it penetrates right up to the level of the hydrocarbon chains.
A simple indication of the relative scattering density distribution at higher resolution (Fig. 4e) was obtained by fitting a rectangular strip model to the observed DPL profile. The observed profile was reproduced within its errors by calculating a profile of the DPL bimolecular leaflet based on a rectangular strip model with the chains' terminal methyl groups occupying 4 A at the center, the glycerol moieties in 4.5 A at x = ±19.5 A, the choline phosphate moieties in 4.5 A at x = ±25 A, and the alkyl chains occupying approximately 15 A along ±tx. All the groups are assumed to occupy the same cross sectional area perpendicular to x.
At 6-A resolution the water sites are at the cell edge, at x = 23 A and x = 16 A. On the molecular model these correspond to 1.5 4 0.3 molecules of water between polar head groups of adjacent bilayers, 1.3 i 0.3 molecules overlapping the choline phosphate and glycerol moieties and 0.7 ± 0.2 molecules on the glycerol edge adjacent to the alkyl chains. It was pointed out from x-ray experiments (5-7) that the electron density profile could-also be interpreted as described above but with two water molecules assumed to be within each of the glycerol moieties in the head groups. This is consistent with the neutron results if the water site at 23 A is considered as predominantly overlapping the glycerol moiety rather than the choline phosphate.
The projection of a carbon-carbon bond onto the axis of all trans alkyl chains is 1.25 A; for the chains to fit in the 15 X flat portion they would have to be tilted relative to the bilayer normal by 310, yielding a "phase" for the oriented multilayers similar to the one labeled L,3 by Tardieu et al. (8) . However, because of the uncertainty in the precise location of the chains' carbonyl groups within the 4.5-A region containing the glycerol moiety, the degree of tilt is uncertain. Tilted chains are, however, inconsistent with the equatorial nature of the x-ray diffraction which arises from the chain packing in the plane of the bilayer under these conditions (7) .
Finally, we must emphasize the conditions of the experiment. It was performed at 20°C with samples of relatively low water content (approximately 10%). The alkyl chains were in the frozen state. It would be of great interest to study both head group conformation and bound water sites at higher water content and above the chains' phase transition. We suspect, however, that this would be a difficult experiment, as the increased lattice disorder in these conditions may tend to limit resolution.
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